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Semileptonic decays of the B mesons provide an excellent probe for the weak and strong 
interactions of the bottom quark. The large data samples collected at the B Factories 
have pushed the experimental studies of the semileptonic B decays to a new height and 
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1. Introduction 

The success of the B Factories, PEP-II and KEKB, has dramatically improved our 
understanding of the CP violation. The latest results of the time-dependent CP 
asymmetries in the neutral B decays are in good agreement with the predictions of 
the Cabibbo-Kobayashi-Maskawa mechanisrrP as shown in Fig. ^ The precision of 
the consistency test is no longer limited by the measurement of the CP-violating 
parameter sin 2/3, but by the measured ratio of the Cabibbo-Kobayashi-Maskawa 
(CKM) matrix elements iVub/Vchl, which determines the length of the left side of 
the Unitarity Triangle. The current uncertainties of \V u b\ and \V c b\ are >10% and 
~2%, respectively. Improvement of our knowledge of \V u b\ will directly translate to 
a more stringent test of the Standard Model. 

Semileptonic decays of B mesons provide a clean environment for studying the 
tree decay amplitudes, which allows us to determine \V u b\ and |V c fc|. Experimental 
studies of charmless semileptonic B decays can be broadly categorized into inclusive 
and exclusive measurements. The former measures the decay rate T{B — » X u lv), 
where X u is a hadronic system without charm content. a The latter measures the 

a Throughout this article, the symbol Iv stands for e~u e , fi~ P M , or their charge-conjugation part- 
ners. 



February 7, 2008 7:59 WSPC/INSTRUCTION FILE slreview 



2 Masahiro Morii 
1.5 



1 

0.5 
IP 
-0.5 
-1 



-1.5 

-1 -0.5 0.5 1 1.5 2 

P 

Fig. 1. Global fit of the experimental data as of summer 2004 by the CKMfitter0The red contour 
contains the 95% C.L. region based on the measurements of Ejf, |^»&/V^[, Am,j, and the lower 
limit on Ara s . The green ring centered around (0,0) is the 95% C.L. region based on | V^b /V^j, | . 

decay rates for exclusive final states such asB-> itiv and ptv. In addition to having 
different efficiencies and signal-to-background ratios, the inclusive and exclusive 
measurements depend on different types of theoretical calculations. Pursuing both 
approaches and comparing the results will help us verify the robustness of the 
theoretical errors, which limit the current precision of \V u b\- 

The experimental and theoretical issues surrounding the determination of \V U b\ 
are complex and sometimes controversial. Progress in the last few years nonetheless 
has made it a concrete possibility that \V u b\ will soon be determined with a precision 
of 10% or better. In this article, I review the current status of the measurements 
and discuss potential improvements that can be achieved in the near future. 

2. Inclusive Measurement of \V u b\ 

In an inclusive measurement of | V u b | , one measures the rate of the charmless semilep- 
tonic decay B — > X u lv without reconstructing the hadronic system X u . Since the 
u quark is much lighter than the c quark, the B — > X u lv signal can be statistically 
separated from the more copious B — > X c lv background taking advantage of the 
differences in the decay kinematics. 
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2.1. Theoretical Background 

Quark-hadron dualit}^ connects the inclusive decay width T(B — > X u lv) to the 
quark-level decay width 

r(6-^) = ^^mf. (1) 

The effect of the spectator quark is calculated using the Operator Product Ex- 
pansion (OPE), which expands the QCD corrections in powers of a s (m,b) and of 
t1qcd/™&- The former, perturbative, corrections have been calculated to 0(a 2 ).El 
The latter, non-perturbative, corrections start at 0(^lQ CD /m 2 ). The leading term 
appears as (Ai — 9A 2 ) /(2ml), wnere Ai an d A 2 are the parameters due to the b 
quark's Fermi motion and the hyperfine interaction between the b and light quarks, 
respectively. The non-perturbative parameters Ai and A2 are known from the mea- 
surements of B — ► X c lv decays and, in the case of A2, from the B-B* mass difference. 
Overall, the uncertainties in T(B — > X u tv) due to the QCD corrections are small 
compared with the uncertainty due to the b quark mass, which appears as ml in 

The same OPE framework applied to the B — > X c lv decays can predict T(B — > 
X c tv) and the moments of the kinematical variables such as the lepton energy 
Ei and the hadronic mass mx in terms of \V c b\, a s (mb), mj,, m c and the non- 
perturbative parameters. By measuring the inclusive rate and several of the Ei and 
mx moments as functions of the minimum lepton energy, BABAH^ determined \ V c b\, 
mb, m c , and the non-perturbative parameters from a simultaneous fit to the OPE 
calculation. The results are 

\V cb \ = (41.4 ±0.4 ±0.4 ±0.6) x 10~ 3 , 
m b = (4.61 ± 0.05 ± 0.04 ± 0.02) GeV, 
m c = (1.18 ± 0.07 ± 0.06 ± 0.02) GeV, 
/4 = (0.45 ± 0.04 ± 0.04 ± 0.01) GeV 2 , 
Mg = (0.27 ± 0.06 ± 0.03 ± 0.02) GeV 2 , 

where the errors are experimental, uncertainties in the OPE calculation, and other 
theoretical uncertainties, respectively. The parameters /x 2 and p? G are related to 
Ai and A2, respectively. The quark masses and the non-perturbative parameters 
depend on the quark mass scheme and the renormalization scale used in the OPE 
calculation; the calculation^ adopted in this analysis employed the kinetic scheme,^ 
in which the non-perturbative contribution to the 6-quark mass is subtracted using 
heavy-quark sum rules, with the scale /j. = 1.0 GeV. The fit describes the data points 
quite well with x 2 = 20 for 15 degrees of freedom. Bauer et a/Elhave performed a 
more extensive global fit using measurements from BABAR, Belle, CLEO, CDF, and 
DELPHI. Using the IS schemeP which relates the 6-quark mass to the mass of the 
T(IS) resonance, they find \V c b\ — (41.4 ± 0.6 ± 0.1) x 10~ 3 , where the first error 
includes both experimental and theoretical uncertainties and the second error is due 
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to the B meson lifetime. Bauer et al. repeat the fit with different expansion and 
mass schemes and find good agreement. In addition to determining \V c b\ to a 2% 
precision, these fits demonstrate the reliability of the OPE framework in predicting 
the inclusive decay rate and spectral moments. 

Because of the presence of the B — > X c lv background, the inclusive B — > X u lv 
decay width cannot be directly measured. The experiments measure, instead, partial 
decay widths in limited regions of the phase space that are free from the B — > X r lv 
background. This is achieved by a cut on one or more of the three kinematic variables 
of the Xlv final state: the lepton energy Eg, the hadronic mass mx, and the lepton- 
neutrino invariant mass squared q 2 . The fraction, f u , of the B — > X u lv events that 
pass the experimental cut needs to be accurately known in order to determine \ V u b\. 

The OPE framework can reliably predict the inclusive B — > X u lv decay rate 
as long as it is integrated over a large region of the phase space. The experimental 
cuts required to suppress the B — > X c iv background violat e th is requirement. In 
order to overcome this limitation, a so-called twist expansion^ j s performed. The 
leading term of the non-perturbative correction becomes 0(^1qcd/w{,) instead of 
0(/1q CD /to 2 ), and is described by the distribution function, known as the shape 
function, of the light-cone momentum of the b quark inside the B meson. 

The shape function cannot be computed perturbatively, and must be determined 
experimentally. This is achieved by two methods: 

• The first and second moments of the shape function are related to A = raj — mi, 
and Ai, which are determined by the OPE fit to the B — > X c lv moments. The 
recent two-loop calculation by Neuberl^^ allows the translation of m\, and [i\ 
determined in various mass schemes into the shape-function scheme. Using the 
results from the BABAR OPE fit discussed above, Neubert finds m& = (4.63 ± 
0.08) GeV and /4 = (0.15 ± 0.07) GeV 2 at the renormalization scale (j, = 1.5 GeV. 

• The photon energy spectrum in the b — > sj decays is affected, in the leading 
order of Aqcd / jp-b i by the sa me s hape function. The b — > 57 measurements by 
CLEOplI Belief and BABA^ are used to constrain A and Ai. The latest 
BABAR measurement using the sum of exclusive B — > X s -f decays finds mt = 
(4.65 ± 0.04) GeV and /i 2 = (0.19 ± 0.06) GeV 2 in the shape-function scheme with 
H = 1.5 GeV. 

The good agreement between the results obtained by the two independent methods 
suggests that the theoretical uncertainties are under control. 

In most of the B — > X u lv events that are experimentally accessible, the hadronic 
system X u has a small mass and large momentum, i.e., it is jet-like. The suitable 
theoretical tool, Soft Collinear Effective Theory (SCET) has been developed in the 
last few years M^l Recent theoretical analyses of the B — » X u lv and b — > 57 decays 
use SCET. Until recentl y, t he experiments relied on an 0(a s ) OPE calculation 
by De Fazio and NeuberlM^ to evaluate the acceptance /„ of their event selection 
criteria. Latest results of \V u b\ extract ed from inclusive measurements use a new 
SCET-based calculation by Bosch et a? ! 17 ! 18 ! The new calculation tends to predict 
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slightly larger /„ than the previous calculation. More importantly, the values of /„ 
depend more strongly on the shape-function parameters, making them the largest 
source of uncertainty on \V u b\ as it will be seen in Section l2~31 

Beyond the shape-function uncertainty, which we can expect to improve with 
better measurements of B — > X c lv and b — > sj, a few theoretical issues remain 
unresolved: 

• The B — > X u lv and b — > sj processes are governed by the single shape function 
only in the leading order of AQcu/i^b, and the next-to- leading order corrections 
differ. The imp act of the sub-leading shape functions is a subject of active theo- 
retical research.HSI 

• For B° — > X u lv, additional complication arises from the weak-annihilation 
diagramplH in which the b and d quarks annihilate into a W~ boson. The con- 
tribution to the total rate is expected to be small (<2%), but concentrated near 
the lepton-energy endpoint where its relative contribution may be significant. 
The size of the effect of the weak annihilation can be constrained in the future 
by measuring the lepton spectrum separately for B° — » X u lv and B + — > X u lv. 
Al tern atively, a cut that rejects the highest-g 2 region, as proposed by Lange et 
oZ.j^can be used to suppress the effect of the weak annihilation. 

The current estimates of these uncertainties contribute to a theoretical error of ~5% 
on \V u b\- Understanding of these issues will become important as we improve the 
experimental and shape-function errors in the next few years. 



2.2. Experimental Measurements 

Recent inclusive measurements of \V u b\ use one of the three techniques: 

• The lepton endpoint measurementJ^3221 use the momentum spectrum of the 
leptons near the kinematical endpoint. 

• The neutrino reconstruction measurcmcn estimates the neutrino momentum 
from the missing momentum of t he even t. 

• The hadronic recoil measurement use the recoil of the B mesons that are 
fully reconstructed in hadronic decays. 

The upper endpoint region of the lepton-energy spectrum offers the most acces- 
sible window to the B — > X u lv signal. The earliest measurements of the B — > X u iv 
decay by CLE022 an d ARGUEp^ used leptons with momenta beyond the kinemat- 
ical endpoint for the B — > X c lv decay. The available phase space above the charm 
endpoint is unfortunately small (f u « 6%) and extends beyond the quark-level end- 
point. The accessible signal fraction f u is therefore strongly dependent on the shape 
function. The signal rate near the endpoint is also sensitive to the weak-annihilation 
effect. These factors make it difficult to evaluate reliably the theoretical uncertainty 
of f u for an endpoint measurement. 
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Recent measurements of \V u b\ using the E( spectrum try to ameliorate the the- 
oretical issues b y ex tending the signal region significantly below the B — > X c iv 
endpoint. BABaM^ and BelltPS 

measured the partial branching fraction AB{B — > 
X u ev) for the electron momentum interval of 2.0-2.6 GeV and 1.9-2.6 GeV, re- 
spectively. The minimum lepton momentum in the previous measurements from 
CLEC 28 and BelleP^ were 2.2 GeV and 2.3 GeV, respectively. The accessible signal 
fraction f u for Eg > 2.0 GeV is as large as 28%. 

In order to achieve measurements far below the B — > X c lv threshold, accurate 
modeling and subtraction of the background, both B — > X c lv and non-BB, are 
essential. The non-BB background is subtracted using off-peak data collected at 
center-of-mass energies below the T(4S) resonance. The E e spectrum is then fitted 
with a combination of the B — * X u iv signal, B — » Dtv, B — > D*lu, B — > D**tv, 
and non-resonant B — > D^*'n£u background distributions. The convergence of the 
fit is helped by the fact that the high end of the E e spectrum is dominated by the D 
and D* states. Extending the E e ranges lower would require better understanding 
of the production of the higher D resonances and non-resonant semileptonic decays. 

Using data samples corresponding to 80 fb" 1 and 27fb _1 , BABAR and Belle 
measure partial branching fractions 

AB( Pe > 2.0 GeV) = (5.31 ± 0.32 ± 0.49) x 10~ 4 , 
AB{ Pe > 1.9 GeV) = (8.47 ± 0.37 ± 1.53) x 10~ 4 , 

respectively, where the errors are statistical and systematic. The larger systematic 
error of the Belle result reflects the difficulty associated with understanding the 
increasing background at lower lepton energies. 

The neutrino-reconstruction measurement by BABAR combines electrons with 
E e > 1.9 GeV with the neutrino momentum, inferred from the missing momentum 
of the event, to calculate the q 2 of the lepton-neutrino system. For a given set of 
(E e , q 2 ), the maximum hadronic mass squared can be calculated as 

= < + q 2 - 2m B (E e + , (2) 

plus a small correction to account for the B momentum in the T(4S) rest framePOl 
Requiring s™ ax < 3.5 GeV 2 removes a large fraction of the B — > X c lv back- 
ground. BABAR achieves a signal-to-background ratio of 1/2 with a signal acceptance 
fu ~ 16%. The resolution of the s™ ax variable is studied using a control sample of 
exclusively reconstructed B — » D^iv decays. The measured partial branching frac- 
tion is 

AB(E e > 1.9 GeV, s^ ax < 3.5 GeV 2 ) = (4.46 ± 0.42 ± 0.83) x 10" 4 , 

where the errors are statistical and systematic. The data sample used corresponds to 
80 ftT 1 . The systematic error is expected to improve by the time the measurement 
is published. 
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The large signal acceptances of the mx and q 2 cuts alleviate some of the theoret- 
ical difficulties encountered by the Eg endpoint measurements. In principle, an mx 
cut at the D meson mass provides the best signal acceptance possible (/„ « 70%). 
The mx spectrum, however, has a strong shape-function dependence near the D 
threshold, and so does /„. A q 2 cut at (tub — mo) 2 , on the other hand, provides a 
moderate efficiency (/„ « 20%) with small dependence on the shape function. Two 
other cuts have been proposed to minimize the theoretical errors while maintaining 
good signal acceptance: 

• Bauer et oiP^ proposed a combined cut on both mx and q 2 that would maxi- 
mize /„ while minimizing its shape-function dependence. For a typical set of cuts 
at mx < 1.7 GeV and q 2 > 8GeV, the acceptance f u is around 30% with an 
uncertainty of ~ 6%. 

• Mannel and Recksiegelj^ and more recently Bosch et al. EES proposed a cut on 
P + = Ex — px , where Ex and px are the energy and momentum of the hadronic 
system, respectively. A cut at P + < mfj/ms would have a large /„ of ^60% and 
reject the region where the SCET is not applicable. 

In order to measure the hadronic mass mx, one must identify all the decay 
products of the B me son . This is achieved in the hadronic-recoil measurements 
by BAB4R 25 and BelkPI by completely reconstructing one B meson and using 
the recoiling B meson. With full reconstruction of hadronic B decays, the four- 
momentum of the recoil B is known by momentum conservation. After finding a 
lepton candidate with pi > 1 GeV in the recoil, a kinematical fit calculates the 
most likely four-momenta for the neutrino and for the hadronic system. The typical 
mx resolution is 350 MeV. The B — > X c lu background is suppressed by the likely 
presence of kaons in the final state, and by finding soft pions that are kinematically 
consistent with the B — > D*lv decay. 

The hadronic-recoil measurements can measure the partial branching ratio in 
a variety of regions of the (mx,Q 2 ) space. For mx < 1.7 GeV and q 2 > 8 GeV 2 , 
BABAR and Belle find 

AB(m x < 1.7 GeV, q 2 > 8 GeV 2 ) = (8.96 ± 1.43 ± 1.44) x 10~ 4 , 
AB(m x < 1.7 GeV, q 2 > 8GcV 2 ) = (8.41 ± 0.85 ± 1.03) x 10~ 4 , 

respectively, where the errors are statistical and systematic. The data samples used 
are 80 fb -1 for BABAR, and 253 fb -1 for Belle. Belle has also measured the partial 
branching fraction 

AB(P+ < 0.66 GeV) = (11.0 ± 1.0 ± 1.6) x 10~ 4 , 

where the errors are statistical and systematic. 
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Table 1. Measured partial branching fractions AB and the extracted values of |V^(,|. 
The errors on AB are statistical and systematic. The errors on \V U \,\ are experimental, 
due to the shape function, and theoretical. The average excludes the Belle P+ result. 





Cuts 


AB x 10 4 


\V ub \ x 10 3 


BABAR 


E e > 2.0 GeV 


5.3 ±0.3 ±0.5 


3.93 ±0.34 ±0.38 ±0.18 


Belle 


Ei > 1.9 GeV 


8.5 ±0.4 ±1.5 


4.50 ±0.42 ±0.32 ±0.21 


BABAR. 


E e > 1.9GeV,s™ ax < 3.5 GeV 2 


4.5 ±0.4 ±0.8 


3.89 ±0.40 ±0.45 ±0.21 


BABAR. 


m x < 1.7 GeV, q 2 > 8 GeV 2 


9.0 ± 1.4 ± 1.4 


4.45 ±0.49 ±0.40 ±0.22 


Belle 


ra x < 1.7 GeV, g 2 > 8 GeV 2 


8.4 ± 0.9 ± 1.0 


4.34 ±0.34 ±0.33 ±0.22 


Belle 


P+ < 0.66 GeV 


11.0 ±1.0 ±1.6 


3.87 ±0.33 ±0.35 ±0.13 


Average 


\v ub \ 




4.27 ±0.20 ±0.35 ±0.21 



2.3. Extraction of \V ub \ 

The partial branching fractions measured by the experiments can be translated into 
\V ub \ by 



\V ub \ = J~^-, (3) 

where tb is the average lifetime of B° and B + . The reduced decay rate Tthy is 
defined as 

- = Ar thy 

lthy- |Kb|2 , W 

where Ar t h y is the partial width of the B — > X u iv decay into the phase space of 
interest predicted by the theory. 

Until recently, the conversion was often performed in two steps. The measured 
AB was converted into the total branching fraction B = AB/f u , which was then 
converted into \V u b\ using the OPE calculation for the fully inclusive decay rate 
T(B — * X u lv). Since both /„ and T(B — » X u lv) depend critically on mt,, care must 
be taken to treat the correlation in their uncertainties. Equation © avoids this 
problem by calculating the partial decay rate directly.^1 

Table HI and Fig. |2| summarizes the values of \V u b\ extracted by BABAb?^ and 
Belled fro m th e inclusive measurements. Both experiments used the calculation by 
Bosch et aL ^7 l l§ l to evaluate f thy- For the shape function parameters, BABAR used 
m b = (4.63 ± 0.08) GeV and /4 = (0.15 ± 0.07) GeV 2 derived from the B -> X c iv 
OPE fitpl and Belle used m b = (4.63 ± 0.07) GeV and /4 = (0.20 ± 0.07) GeV 2 . 
The theoretical errors include perturbative errors, effects of the subleading shape 
functions and weak annihilation. 

The existing measurements agree well with each other. Assuming that the ex- 
perimental errors are uncorrelated and the shape function and theory errors are 
fully correlated, we find the average value 



\V ub \ = (4.27 ± 0.20 ± 0.35 ± 0.21) 



x 10 



-3 
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BABAR endpoint 
Belle endpoint 
BABAR Ej-s™™ 
BABAR m x -q 2 
Belle m x -q 2 
Belle P + 

Average 




5 5.5 
IV J (10" 3 ) 



Fig. 2. Results of the inclusive \V u b\ measurements. The thick parts of the error bars indicate 
the experimental errors. The average excludes the Belle P+ result. 

where the errors are experimental, due to the shape function, and theoretical, re- 
spectively. The Belle P+ result is not included in this average because of the strong 
correlation with the Belle mx-q 2 result. The overall precision is ±10.5%. 

The new central value is significantly smaller than the 2004 summer average by 
the Heavy Flavor Averaging Group, \V u b\ = (4.70 ± 0.44) x 10~ 3 . The change is 
mainly due to the shape-function parameters, for whic h the old average used the 
values extracted from the Belle b — > measurement El The uncertainty has grown 
despite the availability of the more precise shape- function parameters. This is partly 
due to the stronger shape-function dependence of the new theoretical calc ulation, 
and also to the more careful assessment of the theoretical uncertainties^! 

The precision of \V u b\ from the inclusive measurements is limited by the un- 
certainties in the shape- function parameters, in particular mi,. The results quoted 
above assume a(mb) = 70-80 MeV, which is probably conservative; as discussed 
earlier, the latest measurements of b — > can determine mi, to ±40MevP Using 
the data samples collected in the next few years, \V u b\ may be determined with a 
precision of ~7%. 



3. Exclusive Measurements of |Vub| 

Exclusive measurements of \V u b\ can be performed with B — » Tr£v, p£v, iolv, r]lv, 
etc. Among the possible channels, the ■niv decay offers the cleanest path to \V u b\ 
both experimentally and theoretically. 



3.1. Theoretical Background 

The differential decay rate of the B — » tt£v decay is given by 
dY{B^nlv) _ G 2 F \V U ; 12 



dq 2 24tt 3 



U(q 2 )\ 2 pi, (5) 
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where f+{q 2 ) is the form factor. We assume from isospin symmetry 

T(B -> nlv) = T{B° -> %-i+v) = 2T(B+ -> 7r°£+i/). (6) 

The form factor f+(q 2 ) is significantly harder to calculate than the B — > I?* and 
B —t D form factors. The estimates in literature employ a variety of techniques in- 
cluding quenched lattice QCD (LQCD), light-cone sum rules (LCSR), quark model, 
and skewed parton distributions. None of the techniques provide robust means of 
estimating the associated uncertainties. 

Two developments in 2004 considerably improved the situation. 

• Ball and Zwicky published an improved LCSR calculation!^ They quote a total 
uncertainty of about 13% in the small-g region {q 2 < 14GeV 2 ). 

• Two pr elim inary resu lts o f unqucnchcd LQCD calculations were presented by the 
HPQCEEniand FN AlJS3 collaborations. The quoted uncertainties at the large-? 2 
region (q 2 > 15GeV 2 ) are about 13% in both cases. 

The new calculations should allow reliable determination of \V u b\ from T(B — ► tt£i/), 
and stimulated renewed interest in such measurements. 

Note that the LQCD and LCSR calculations are valid in limited and non-overlap- 
ping regions of q 2 , namely above 15 GeV 2 and below 14 GeV 2 , respectively. Although 
the authors provide the extrapolation of their calculations to the full q 2 range, 
such extrapolations add uncertainties that are not fully quantifiable. It is therefore 
important for the experiments to measure the differential decay rate as a function 
of<? 2 . 

3.2. Experimental Measurements 

Four measurements of the differential decay rate aT(B — > Tr£u)/dq 2 have been re- 
ported by CLEOPSI BellepSl and recently by BABA$® using two different tech- 
niques: 

• The neutrino reconstruction measurements reconstruct the neutrino as the miss- 
ing four- momentum of the whole event. 

• The semileptonic recoil measurements use the recoil of the B mesons tagged by 
their semileptonic decays. 

Another preliminary measurement by BABAfP^ uses the same hadronic recoil tech- 
nique used in the inclusive \V u b\ measurement, and finds B(B° — ► n~f + v) = 
(1.08 ± 0.28 ± 0.16) x 10 . The statistics of this measurement is too small to 
allow binning in q 2 . 

The neutrino-reconstruction technique has been used by CLEcE^and BABAR.E2I 
The momentum of the neutrino is inferred from the missing momentum in the event, 
and is combined with a lepton and a pion to form a B — > tt£u candidate. The 
signal is observed as a peak in the (tob,-Eb) plane. The CLEO detector, with a 
better geometrical coverage than the detectors at the B Factories, is particularly 
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CLEO v reco. 
BABAR v reco. 
Belle si. tag 
BABAR si. tag 




20 25 
q 2 (GeV 2 ) 



Fig. 3. Measured dB(B° -» TT-£+u)/dq 2 . 



Table 2. Measured AB(B° -> tt~^+i/) in low and high regions of q 2 . The errors 
are statistical, experimental systematic, and due to the B — > piv form factors. 





9cut 


AS( g 2 < g c 2 ut ) x 10 4 


AB(g 2 > g c 2 ut ) x 10 4 


CLEO v reco. 
BABAR v reco. 
Belle si. tag 
BABAR si. tag 


16 GeV 2 

15 GeV 2 

16 GeV 2 
16 GeV 2 


1.08 ±0.14 ±0.09 ±0.04 
0.85 ±0.08 ±0.11 ±0.05 
1.30 ±0.22 ±0.15 ±0.02 
0.82 ±0.23 ±0.12 ±0.00 


0.25 ±0.09 ±0.05 ±0.03 
0.53 ±0.05 ±0.06 ±0.03 
0.46 ±0.17 ±0.05 ±0.01 
0.21 ±0.14 ±0.06 ±0.01 



suited for this technique. The main sources of background are misreconstructed 
B — > X c £i/ events and cross-feed from the 2? — > decay. The latter makes this 
type of measurements susceptible to uncertainties of the B — > g form factors. 

The semileptonic-recoil technique has been used by Belk^ anc j BABL4rP^ The 
technique is similar to the hadronic-recoil technique, but reconstructs the tag-side 
B meson in the B — > Dlv or D* Iv decays. The efficiency is higher than the hadronic 
reconstruction by three to four times, thanks to the larger branching fractions of the 
accessible decay channels. On the other hand, the presence of the extra neutrino 
makes the kinematics less strongly constrained, resulting in higher background. 
Overall, this technique provides an efficiency and a signal-to-background ratio that 
are well matched with the low branching fractions and moderate background levels 
of the exclusive measurements. 

The results of the four measurements agree reasonably well, as shown in Fig. EI 
Table [21 summarizes the partial branching fractions in the low- and high-g 2 re- 
gions where the LCSR and LQCD calculations are valid, respectively. Note that 



February 7, 2008 7:59 WSPC/INSTRUCTION FILE slreview 



12 Masahiro Morii 



Table 3. Values of fthy from recent calculations of the B — > ir£v form 
factor. 





q 2 (GeV 2 ) 


fthy (PS" 1 ) 


q 2 (GeV 2 ) 


fthy (PS" 1 ) 


Ball-Zwicky 


< 15 


5.11 ± 1.34 


< 16 


5.44 ± 1.43 


HPQCD 


> 15 


1.48 ±0.37 


> 16 


1.29 ±0.32 


FNAL 


> 15 


2.01 ±0.55 


> 16 


1.83 ±0.50 



Table 4. Values of |V u j,| in 10 -3 from the measurements of 
AB(B° — » ir~£ + u) and the recent calculations of the form factor. The er- 
rors are due to the AS measurements and to the form factor calculations. 





Ball-Zwicky 


HPQCD 


FNAL 


CLEO v reco. 
BABAR v reco. 
Belle si. tag 
BABAR. si. tag 


3.60 ±0.28 ±0.47 
3.29 ±0.28 ±0.43 
3.94 ±0.41 ±0.52 
3.13 ±0.50 ±0.41 


3.55 ±0.76 ±0.44 
4.83 ±0.38 ±0.60 
4.82 ±0.93 ±0.60 
3.26 ±1.18 ±0.40 


2.98 ±0.64 ±0.41 
4.14 ±0.33 ±0.57 
4.05 ±0.78 ±0.55 
2.73 ±0.99 ±0.37 


Average 


3.49 ±0.17 ±0.46 


4.51 ±0.31 ±0.56 


3.84 ±0.26 ±0.53 



the threshold separating the two q 2 regions is different for the BABAR neutrino- 
reconstruction measurement, which uses five q 2 bins instead of three. 

3.3. Extraction of \V u b\ 

The measured branching fractions AB(B° — > ir^i+i') can be converted into \V u b\ 
using Equation Q with tb replaced by the B° lifetime. The reduced decay rate 
f thy is given by 

The values of f thy calculated from Ball-ZwickyPSI HPQCDpSI and FNAlJS3 are 
given in Table EH The errors in Tthy reflects the form-factor uncertainties quoted 
by the authors. Applying the r t h y values to the measurements in Table |2J we find 
the | Kb | values in Table H and Fig. H The first errors come from the partial 
branching fraction measurements, and the second from the form-factor calculations. 
The average \ V u b\ values in Table0]were calculated assuming no correlations between 
the experimental errors. Even for the two BABAR measurements, the overlap between 
the signal samples is small. 

Considering only the experimental errors, the measurements of B — > iriv par- 
tial branching fractions can determine \V u b\ with a precision better than ±7%. The 
agreement among the existing measurements is satisfactory. The differences among 
the available form-factor calculations remain considerable, although they are con- 
sistent with the quoted theoretical uncertainties. 

Historically, the values of \V u b\ extracted from the exclusive measurements 
tended to be smaller than the results of the inclusive measurements. This is no 
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I 
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N 



Q 

U 

a 

a. 



CLEO V reco. 
BABAR V reco. 
Belle s.l. tag 
BABAR s.l. tag 

Average 

CLEO V reco. 
BABAR V reco. 
Belle s.l. tag 
BABAR s.l. tag 

Average 



Z 



CLEO V reco. 
BABAR V reco. 
Belle s.l. tag 
BABAR s.l. tag 
Average 



1.5 



2.5 



3.5 



4.5 



5 5.5 6 

iv J do" 3 ) 



Fig. 4. Values of | V u i,\ from the measurements of AB(B° — * n~£ + i>). The thick part of the error 
bars correspond to the errors in the AB measurements. The dashed line and the shaded region 
indicate the average of the inclusive measurements discussed in Section l2l 

longer the case with the latest measurements, partly because the inclusive results 
have gone down, and partly because the new LQCD results are higher than the 
older exclusive measurements. 

Further improvements in the form-factor calculation are necessary to bring the 
uncertainty on \V U b\ below 10% level. The leading sources of the uncertainties are 
operator matching and finite lattice spacing for the HPQCD and FNAL calculations, 
respectively. Technical improvements to overcome the se limitations may reduce the 
total theoretical errors to 5-6% level in the future^^ 

3.4. Other Exclusive Measurements 

In addition to _B— > ttIv, th e ex periments ha ve m easured the decay rates for B — > 
^1 3^9 1 40 1421421 B _» jj^EHI an d B -> wlvW^ While the piv mode has a larger 
rate than the nlu mode, one must deal with the non-resonant mr contribution. 
Theoretically, the piv mode suffers from the lack of techniques that take into account 
the width of the p resonance. Much progress in LQCD will be necessary before the 
B — > piv decay can be used to extract \V u b\ reliably. The rjlv and uilv channels, 
while more challenging to measure, are expected to be more tractable from the 
theoretical point of view, and may provide valuable cross-checks in the future. 

4. Summary and Outlook 

A precise determination of \V u b\ is one of the most sought-after physics goals pur- 
sued at the B factories. The field of charmless semileptonic B decays have seen 
rapid experimental and theoretical progresses in the last few years. Innovative ex- 
perimental techniques combined with new theoretical insights have brought the 
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relative precision of \V u b\ close to ±10%. 

Through the inclusive measurements, we find an average value of \V U b\ = (4.27 ± 
0.45) x 10" 3 . The error is dominated by the uncertainty in the shape function, which 
can be improved by measurements of the B — > X c lv spectra and of the b — » sj 
spectrum. The exclusive B — > tt£v measurements give consistent values of \V u b\- 
The errors are dominated by the ±13% theoretical uncertainties in the form factor. 

A 10% precision in \V u b\ is almost certaintly around the corner. In a few years, 
with half a billion BB events per experiment, it is likely that we will be able to 
determine \ V u b \ to a precision of ~7% through the inclusive measurements. Progress 
in LQCD will eventually achieve a similar precision through the exclusive B — » wlv 
measurements, whose experimental precision on \V u b\ is already at a 7% level. 
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